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Summary

Resistant hypertension is a clinically distinct subgroup of hypertension defined by the failure to
achieve blood pressure control on optimal dosing of at least 3 antihypertensive medications of
different classes, including a diuretic. The pathophysiology of hypertension can be attributed to
aldosterone excess in more than 20% of patients with resistant hypertension. Existing dogma
attributes the increase in blood pressure seen with increases in aldosterone to its antinatriuretic
effects in the distal nephron. However, emerging research, which has identified and has begun to
define the function of amiloride-sensitive sodium channels and mineralocorticoid receptors in the
systemic vasculature, challenges impaired natriuresis as the sole cause of aldosterone-mediated
resistant hypertension. This review integrates these findings to better define the role of the
vasculature and aldosterone in the pathophysiology of resistant hypertension. In addition, a brief
guide to the treatment of resistant hypertension is presented.
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Maintaining an appropriate arterial pressure is essential for human life. Over hundreds of
millions of years, the processes responsible for regulating blood pressure (BP) have evolved
to respond to challenges such as change in position, extremes in diet, changes in tissue
demands, and acute blood loss. As a result, a complex communication and feedback network
has developed to control BP. Since the discovery of renin by Goldblatt et al® in an animal
model of hypertension, 2 primary regulators of BP, the renin-angiotensin-aldosterone system
and the autonomic nervous system, have been identified.2 Although the interaction of these
systems in physiologic models of hypertension is still being debated, research continues to
define each system’s effects.3# The vasculature, seen as a responder to both systems (ie,
vasoconstriction in response to angiotensin Il or norepinephrine), may have a direct role in
the development of hypertension.>-10 This article reviews the pathophysiology of
hypertension that initially is resistant to medical therapy with a particular focus on
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aldosterone: its direct effect on the vasculature and the role of aldosterone blockade in the
treatment of resistant hypertension.

DEFINING RESISTANT AND PSEUDORESISTANT HYPERTENSION

Resistant hypertension is defined based on BP response to standard therapy, and identifies a
group of high-risk patients who may benefit from specialized care, including evaluation and
treatment of secondary causes of hypertension. The definition was established in an
American Heart Association scientific statement as “BP that remains above goal despite
optimal doses of 3 antihypertensive agents of different classes, one ideally being a
diuretic.”11

Resistant hypertension does not represent a single pathologic entity. Some individuals
initially classified as resistant instead may have pseudoresistant hypertension, a distinction
arising from limitations in BP measurement and management. Resistant individuals who
have increased office BPs as a result of white-coat hypertension, improperly measured BPs,
or medication nonadherence are reclassified as having pseudoresistant hypertension.11:12
This difference is useful not only in identifying pathology, but also in predicting outcomes.
Patients with true resistant BP have an increased risk of cardiovascular events including
stroke, myocardial infarction, and end-stage renal disease.13-16

PATHOPHYSIOLOGY OF RESISTANT HYPERTENSION

Our understanding of the pathology and physiology of hypertension stems from animal
models of hypertension, genetic disorders of hypertension in human beings, kidney
transplantation, computer models of BP physiology, and responses to pharmacologic
therapy.1” With few exceptions, all of these areas converge on the kidney as an active
participant in the development of hypertension.

Based on computer models, Guyton and Coleman® concluded that the kidney’s regulation
of sodium excretion made up the critical pathway that determines the chronic level of intra-
arterial pressure. The high gain (ie, the capacity to return any aberrant pressure back into
normal control) of the renal function curve (pressure-natriuresis relationship) are posited in
the long run to override any extrarenal mechanisms of BP control.1® Under this theory, a
rightward shifted renal function curve would be observed in all forms of hypertension;
rightward shifts have been confirmed both in animal models of hypertension (spontaneously
hypertensive rat, Goldblatt hypertension, aldosterone infusion, and angiotensin Il infusion)
and human hypertension (renovascular hypertension and primary aldosteronism)18-20,

Perhaps the strongest support for the Guytonian theory of the pathophysiology of
hypertension is its survival through more than 40 years of experimentation and discovery in
the field of hypertension. Kidney transplantation in human beings along with studies of
cross-transplantation in animal models provides compelling evidence in support of the
underlying theory. In the study by Curtis et al,2! 6 individuals with hypertension resulting in
nephrosclerosis and kidney failure underwent bilateral nephrectomy and kidney
transplantation from normotensive unrelated donors. After 4.5 years of follow-up evaluation,
all 6 participants were normotensive and had evidence of reversal of hypertensive damage to
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the heart and retinal vessels.?! Although the effects of bilateral renal denervation cannot be
isolated from the return of a normal renal function curve, this study definitely identifies the
kidney as a central mediator of human hypertension, and is consistent with kidney
transplantation in animal models, in which BP nearly always follows the kidney.22-24

The mouse angiotensin type 1A (AT1a)-receptor knockout model is worth discussing in
detail because it relates to our understanding of the pathophysiology of hypertension. In a
cross-renal transplant model of AT a-receptor—deficient mice and their wild-type litter-
mates, identical levels of BP reduction were seen in the mice with whole-body AT1a-
receptor deficiency plus intact kidney ATq receptors and mice with intact extrarenal AT A
receptors plus deficient kidney AT receptors.21:22 The reduction in BP seen with a lack of
whole-body AT;a receptors was shown to be independent of aldosterone or sympathetic
nervous system effects, suggesting that AT-receptor actions in systemic tissues such as the
vascular and/or the central nervous systems make additional contributions to BP
regulation.?122 Regulation of BP by the renin-angiotensin system is mediated both within
and outside the kidney.

These same cross-renal transplant models were investigated in the setting of hypertension.
Throughout 4 weeks of continuous infusion of angiotensin I1, hypertension was sustained
only in mice with intact kidney AT receptors.2* Therefore, angiotensin |1 causes
hypertension primarily through AT receptors in the kidney, which is consistent with
Guyton’s hypothesis.18:19 The persistently low BP seen in mice without extrarenal AT
receptors can be explained by a leftward shift of the renal function curve, providing
evidence for an extrarenal mechanism of adjusting the pressure natriuresis set point.

The pathophysiology of resistant hypertension also involves a rightward shift of the renal
function curve. However, it offers specific phenotypes for which a cause of hypertension can
be identified (Table 1). Resistance to standard pharmacologic therapies (ie, calcium channel
blockers, angiotensin-converting enzyme inhibitors, angiotensin-receptor blockers, thiazide
diuretics, B-blockers, a-blockers, central acting agents, and peripheral vasodilators)
characterizes secondary forms of hypertension.1! The majority of secondary causes of
hypertension can be grouped by plasma renin activity level, with low-renin causes involving
the distal nephron’s handling of sodium either through dysfunction of the mineralocorticoid
receptor (MR) or direct tubular pathology (ie, epithelial sodium channel [ENaC] or sodium
chloride co-transporter) (Table 1). Rare (eg, glucocorticoid-remediable aldosteronism) and
very rare (eg, Liddle’s syndrome and familial hyperkalemic hypertension) secondary causes
of hypertension have been well described.1”-2% Primary aldosteronism is a common
secondary cause of hypertension with a prevalence among individuals with resistant
hypertension ranging from 20% to 23%.26:27

ALDOSTERONE AND THE MINERALOCORTICOID RECEPTOR

Aldosterone is a mineralocorticoid produced in the zona glomerulosa of the adrenal cortex in
response to angiotensin Il, increased serum potassium, and corticotropin. Classically, it
regulates total body sodium and potassium balance through genomic effects that follow
binding and activating MR in the distal collecting duct of the kidney.28-30 More recently,
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extrarenal effects of aldosterone have been described in vascular endothelial and smooth
muscle cells.>~10 The effects of aldosterone on vascular cells include inflammation, fibrosis,
hypertrophic remodeling, endothelial stiffening, and oxidative stress, which are exacerbated
in experimental animals on a high-salt diet.10:31

Similar to the AT, receptor, the extrarenal effects of aldosterone also may contribute to the
control of systemic BP. Aldosterone excess is undoubtedly a cause of hypertension,
resulting in a rightward shift of the renal function curve.18-20 However, increases in BP also
are seen with increases in plasma aldosterone levels within physiologic ranges.
Normotensive participants of the Framingham Offspring Study showed an incremental
increase in BP and development of hypertension at the 4-year follow-up evaluation with
each increase in quartile of plasma aldosterone level.32 Furthermore, MR antagonists such as
eplerenone or spironolactone reduced BP in essential hypertension33 and normotensive
subjects,34 in addition to the highly responsive resistant hypertension group.3° In resistant
hypertension, BP reduction occurs at low doses (25 mg spironolactone) and is not related
directly to plasma aldosterone levels.36:37 Together, these data suggest that the BP-lowering
effect of aldosterone antagonists may include renal as well as extrarenal components.

The study by McCurley et al® supports the hypothesis that aldosterone can make extrarenal
contributions to BP control. Mice lacking MR specifically in vascular smooth muscle cells
had reduced BP with aging without alteration in renal sodium handling; the reduced BP was
not affected by dietary sodium intake but could be overcome with aldosterone plus sodium
chloride infusion. Furthermore, aged mice lacking vascular smooth muscle MR showed no
significant vasoconstrictive or BP responses to angiotensin Il infusion.® Thus, the MR in
vascular smooth muscle cells contributes to angiotensin Il-induced vasoconstriction and BP
increase. This finding is consistent with the well-known crosstalk between angiotensin Il
and aldosterone in the vascular smooth muscle cells.38-40 Cross-talk between the AT; and
MR receptors has been described in several systems, and provides a parsimonious
explanation for the so-called nongenomic effects of aldosterone.#1-44

SODIUM AND POTASSIUM INTAKE, ALDOSTERONE, AND HYPERTENSION

Diets low in sodium and high in potassium reduce BP despite increases in aldosterone
levels.*>47 In adults with hypertension, plasma levels of renin activity, angiotensin I, and
aldosterone all increase after 5 days of a very low sodium diet (10 mEg/d) with unaltered
potassium intake.*8 In this study, activation of the renin-angiotensin-aldosterone system
(RAAS) correlated significantly with BP reduction; however, salt-sensitive black
participants showed the greatest BP reduction with a less responsive RAAS 48 ess RAAS
activation is required to maintain sodium homeostasis in salt-sensitive individuals who have
a flatter renal function curve.

Individuals chronically consuming a low-sodium diet, such as the Yanomama Indians in
southern Venezuela and northern Brazil whose average sodium intake is less than 10 mEq/
d,#° require a chronically activated RAAS to maintain sodium homeostasis. When measured,
aldosterone levels in Yanomama Indians (average 24-h urine aldosterone level, 70 ug) were
higher than those seen in patients with primary aldosteronism.>? However, cardiovascular
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disease and hypertension rarely occur among Yanomama Indians. Low BP is expected in the
setting of very low sodium intake when sodium balance is maintained on the low portion of
the renal function curve. In this case, high aldosterone levels would not be expected to over-
compensate and lead to hypertension. The beneficial effects of a low BP and an active
lifestyle may offset any cardiovascular risk from high aldosterone levels.

Yanomama Indians also consume large amounts of potassium,3® which contributes to both a
lower BP and cardiovascular risk.>1 After adjustment for covariates in the International
Study of Salt and BP, the statistical association with BP was stronger for the urinary
sodium-to-potassium ratio than individual levels of urinary sodium and potassium.*® These
findings and others suggest that diets resulting in a physiologic activation of the RAAS
reduce cardiovascular risk.52 Therefore, high levels of aldosterone alone are not sufficient to
increase BP or cardiovascular risk. The causal relationship between aldosterone and
hypertension exists when aldosterone levels remain unsuppressed from high-sodium and
low-potassium intake, the typical American diet. Proposed mechanisms of this diet-
dependent effect include central nervous system activation and increased vascular
resistance.>3

AMILORIDE-SENSITIVE SODIUM CHANNELS IN THE VASCULAR SYSTEM

Discovery of amiloride-sensitive sodium channels in both endothelial and vascular smooth
muscle cells offers potential mechanisms through which MR activation and/or flow sensors
can affect vascular function and BP (Fig. 1).10 ENaC function and response to aldosterone in
the distal nephron has been well described.28-30 In the vasculature, in vitro experiments
indicate that amiloride-sensitive sodium channels regulate the mechanical properties of the
endothelial cell (ie, the cell’s stiffness).95455 Aldosterone leads to acute endothelial cell
swelling, likely from sodium and water uptake associated with increased amiloride-sensitive
sodium channel abundance in the luminal membrane, re-organization of the subcortical
cytoskeleton, and increased mechanical stiffness of the endothelial cell surface
membrane.>4-56 In addition, local nitric oxide production is reduced, leading to
vasoconstriction of the neighboring vascular smooth muscle cells.5”:58 Importantly, the
vascular response to aldosterone can occur within minutes with plasma membrane insertion
of sodium channels (Fig. 1).5° In addition, treatment with amiloride can prevent acute
endothelial cell swelling.5® Taken together these findings suggest that endothelial amiloride-
sensitive sodium channels contribute to vascular function, and aldosterone is an important
regulator of these functions.

Perez et al®? investigated the role of endothelial amiloride-sensitive sodium channels in
catecholamine-mediated vasoconstriction. In rat mesenteric arteries, phenylephrine-induced
vasoconstriction was blunted markedly by amiloride, an effect lost in endothelium-denuded
arteries and greatly diminished by an endothelial nitric oxide synthase (eNOS) inhibitor, or
under conditions of reduced flow. From these experiments, the investigators concluded that
the endothelial sodium channel is a negative modulator of eNOS and vasodilation in
response to shear stress (Fig. 1).
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Shear stress, the tangential force derived by the friction of the flowing blood on the
endothelial surface, is known to initiate vasodilation through increased eNOS activity as
well as directly affecting amiloride-sensitive sodium channel activity.?9:60 Kusche-Vihrog et
al®® hypothesized that the endothelial glycocalyx, which acts as a sodium buffer, may be
disrupted in the setting of increased shear stress, thereby interfering with endothelial
function and responses to changes in blood flow. Conditions such as atherosclerotic disease
with altered plaque-related changes in blood flow and shear stress may have different
vascular responses to aldosterone®.

The vascular effects of aldosterone differ by study population with the greatest benefit of
MR antagonists seen among individuals with cardiovascular disease and clinically
significant heart failure.52:63 Improvement in endothelial function has been put forward as
an explanation for the reduced mortality seen with MR antagonists in clinical outcome trials
of heart failure.54-66 The dynamic relationship between shear stress, the endothelial
glycocalyx, eNOS activity, and vascular amiloride-sensitive sodium channels may be
involved in the increased cardiovascular risk associated with hypertension.

TREATMENT OF RESISTANT HYPERTENSION

In the absence of well-defined understanding of the underlying vascular physiology, current
BP management has evolved largely from trial and error. The Antihypertensive and Lipid-
Lowering treatment to prevent Heart Attack Trial showed the importance of overall efficacy
regardless of choice in initial BP agent (lisinopril, amlodipine, or chlorthalidone). 67
However, if more than one antihypertensive agent is required, which is the case for
approximately 30% of all hypertensive individuals in the United States,8 then amlodipine
plus benazepril appears superior to benazepril plus hydrochlorothiazide in reducing
cardiovascular events.5% The most recent guidelines’%-72 support the use of angiotensin-
converting enzyme inhibitors or angiotensin-receptor blockers, dihydropyridine calcium
channel blockers, and thiazide diuretics as initial therapies.

Treatment is more complicated for individuals who do not achieve BP control with optimal
doses of those 3 classes of medications. Once pseudoresistance has been excluded and
conditions interfering with BP control have been addressed (Table 2), screening for a
secondary cause of hypertension should be performed to identify an etiology for targeted
therapy (Table 1). More than 20% of patients with resistant hypertension will have
aldosterone excess and may require additional work-up for primary aldosteronism.26-27
Suppressed plasma renin activity levels with an inappropriately low aldosterone level for the
serum concentration of potassium is consistent, with very rare secondary causes such as
Liddle’s syndrome or familial hyperkalemic hypertension.”374 Detailed recommendations
for the evaluation of secondary causes is summarized in the American Heart Association
statement on resistant hypertension.11

Individuals with resistant hypertension are frequently salt-sensitive, particularly those with
chronic kidney disease and black race. This phenotype, which is characterized by low
plasma renin activity, may represent a dysregulation of aldosterone or ENaC; however,
efforts to identify a broad genetic cause have not been unsuccessful.”® When clinically
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feasible, instituting a low-sodium diet in individuals with resistant hypertension can have
dramatic effects on BP reduction. In a controlled cross-over trial, mean 24-hour BP
decreased by an average of 20/10 mm Hg by reducing dietary sodium intake from 250 to 50
mmol/d in individuals with resistant hypertension.”® In the United States, where the typical
diet consists of 153 mmol/d (3.5 g/d) of sodium,’” effectively reducing dietary sodium can
be challenging, and requires ongoing dietary counseling and feedback based on measured
24-hour urinary sodium excretion.

Diuretics effectively decrease BP in the majority of patients with resistant hypertension.
Chlorthalidone, a thiazide-like diuretic, rapidly concentrates in erythrocytes, and with long-
term dosing the erythrocyte pool acts as a depot slowly releasing stored chlorthalidone into
the plasma.”879 The steady depot release creates a long duration of effect (48—72 hours with
long-term dosing).80 This is in contrast to the 16- to 24-hour duration of effect with long-
term dosing of hydrochlorothiazide. This difference in effective half-life between
hydrochlorothiazide and chlorthalidone may have importance beyond concerns of
medication adherence. Chlorthalidone is more effective at decreasing BP, particularly in
patients who are salt-sensitive,®! and is recommended as the preferred diuretic in the
treatment of resistant hypertension.1!

In addition to salt sensitivity, hypokalemic metabolic alkalosis is also common among
individuals with resistant hypertension. Even with normal aldosterone levels, chlorthalidone-
mediated kaliuresis can be ameliorated by the use of a potassium-sparing agent. However,
before considering the addition of a potassium-sparing diuretic to thiazides, serious attention
should be paid to restriction of dietary salt intake.23 The combination of a MR antagonist
and a thiazide-like diuretic make physiologic sense, especially in resistant hypertension, in
which baseline aldosterone levels are high. In experimental studies with rats, aldosterone
infusion or oral fludrocortisone increases sodium chloride co-transporter expression, the
thiazide-sensitive sodium chloride cotransporter.82 Furthermore, chlorthalidone-induced
increases in sympathetic nervous system activity, as measured by peroneal
microneurography, are returned back to baseline levels with the addition of
spironolactone.83

The benefit of MR antagonism in resistant hypertension goes beyond counteracting the
adverse effects of thiazide-like diuretics. MR antagonists are extremely effective at reducing
BP in patients with resistant hypertension. In a follow-up analysis of the Anglo-
Scandinavian Cardiac Outcomes Trial, 1,411 participants received spironolactone at a
median dose of 25 mg in addition to a mean of 3 other antihypertensive medications. With a
median treatment duration of 1.3 years, BP decreased from 157/85 mm Hg by 22/10 mm Hg
with the addition of spironolactone.3® These effects on BP as well as vascular remodeling
can be seen with doses of spironolactone that are below those required to completely block
the renal effects of aldosterone.36:37:84-86 \jijth the recent appreciation of the effects of
aldosterone on the vasculature, it is reasonable to consider that the BP reductions with
spironolactone in resistant hypertension may reflect vascular effects in addition to the classic
renal effects, including natriuresis.10 In this case a vascular-related leftward shift in the renal
function curve would be needed to sustain BP reduction, which is an interesting extension of
the classic Guytonian theory of BP regulation.
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CONCLUSIONS

A systematic investigation into the pathophysiology of hypertension has been initiated with
the classification of resistant hypertension. In the majority of cases this search will show an
abnormality involving aldosterone. Although aldosterone-mediated impaired natriuresis is
the principle source of the hypertension, the vascular effects of aldosterone also may
contribute to hypertension. A complex and dynamic interplay between endothelial function,
vascular amiloride-sensitive sodium channel activity, shear stress, and vascular MR
modulate the vascular responses to aldosterone. As future research continues to define the
role of aldosterone in the vasculature, new therapeutic targets may arise for the treatment of
hypertension as well as other diseases.86
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Figure 1.

myoendothelial junction; PI3K/Akt, phosphoinositide-3-kinase/(protein kinase B).
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Table 1

Pathobiology and Screening Method for Secondary Causes of Hypertension

Secondary Cause

Pathobiology

Screening Method

Mineralocorticoid-receptor
related

Primary aldosteronism

Syndrome of AME

Cushing’s syndrome

Glucocorticoid-remediable
aldosteronism

Congenital adrenal
hyperplasia

HTN exacerbated by
pregnancy
Liddle’s syndrome
Familial hyperkalemic
hypertension

Chronic kidney disease
Atherosclerotic RAS
RAS resulting from
fibromuscular dysplasia

Pheochromocytoma

Aortic coarctation

Functional macro-adrenal or micro-adrenal
adenoma

Inactivation of 11 p-HSD2

Grouping of many different diseases
resulting in excess Cortisol

Chimeric gene results in ACTH-mediated
aldosterone synthase activity

11p-hydroxylase deficiency results in
increased deoxycorticosterone

Mutation in ligand binding portion of the MR
allows progesterone to activate

Gain-of-function mutation in 3 or y subunit of
ENaC

WNK kinase 1 or 4 mutation leading to NCC
overactivity

Multiple, including renal parenchyma loss

Renal artery narrowing from atherosclerotic
plaque

Renal artery narrowing from tortuosity and
abnormal wall growth

Catecholamine-secreting tumor

Narrowing of aorta results in upper-extremity
HTN and lower-extremity hypotension

ARR, 24-h urine aldosterone

24-h urine free Cortisol and free cortisone

24-h urine total Cortisol (in absence of
exogenous glucocorticoids), dexamethasone
suppression test

ARR, 24-h urine aldosterone, genetic testing
In adolescents and adults: measurement of

ARR, ACTH, Cortisol, 11-deoxycortisol, and
11-deoxycorticosterone

ARR, urine protein assessment, genetic testing
ARR, genetic testing
Serum potassium, ARR, genetic testing
Kidney imaging, urine protein assessment (eg,
ACR, UPR), serum creatinine-based eGFR

Renal duplex ultrasonography
CTA, MRA, renal angiogram

Plasma metanephrines, 24-h urine for

catecholamines

Physical examination, 2-dimensional
echocardiogram

Page 15

Abbreviations: 118-HSD2, 113-hydroxysteroid dehydrogenase 2; ACR, albumin-to-creatinine ratio; ACTH, adrenocorticotropic hormone; AME,

apparent mineralocorticoid excess; ARR, plasma aldosterone-to-renin ratio; CTA, computed tomography angiography; eGFR, estimated

glomerular filtration rate; HTN, hypertension; MRA, magnetic resonance angiography; NCC, sodium chloride cotransporter; RAS, renal artery
stenosis; UPR, urinary protein-to-creatinine ratio; WNK, with no lysine = K.
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Comorbidities and Drugs Interfering With Blood Pressure Control

Comorbidities

Interfering Drugs

Smoking
Smokeless tobacco
Obesity/insulin resistance
Obstructive sleep apnea
Excess alcohol intake
Anxiety

Hyperventilation

Panic attacks

Chronic pain syndromes

NSAIDs
Sympathomimetics

Nasal decongestants
Appetite suppressants
Cocaine

Stimulants
Methylphenidate
Amphetamine

Caffeine

Oral contraceptives (estrogen)
Adrenal steroids

Natural licorice
Tacrolimus, cyclosporine
Erythropoietin

Herbals (ephedra, ma huang)

NSAIDs, nonsteroidal anti-inflammatory drugs.
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